Curcumin-Induced Apoptosis in Human Hepatocellular Carcinoma J5 Cells: Critical Role of Ca+2-Dependent Pathway by Wang, Wei-Hsun et al.
Hindawi Publishing Corporation
Evidence-Based Complementary and Alternative Medicine
Volume 2012, Article ID 512907, 7 pages
doi:10.1155/2012/512907
Research Article
Curcumin-InducedApoptosis inHuman Hepatocellular
CarcinomaJ5Cells:Critical RoleofCa+2-Dependent Pathway
Wei-HsunWang,1,2 I-Tsang Chiang,1 Kuke Ding,3 Jing-GungChung,4 Wuu-JyhLin,5
Song-Shei Lin,6 andJeng-Jong Hwang1
1Department of Biomedical Imaging and Radiological Sciences, National Yang-Ming University, Taipei 112, Taiwan
2Department of Orthopedic Surgery, Changhua Christian Hospital, Changhua 500, Taiwan
3National Institute for Radiological Protection, Chinese Center for Disease Control and Prevention, Beijing 100088, China
4Department of Biological Science and Technology, China Medical University, Taichung 404, Taiwan
5Division of Radioisotope, Institute of Nuclear Energy Research, Taoyuan 325, Taiwan
6Department of Radiological Technology, Central Taiwan University of Science and Technology, Taichung 406, Taiwan
Correspondence should be addressed to Jeng-Jong Hwang, jjhwang@ym.edu.tw
Received 11 September 2011; Revised 1 December 2011; Accepted 18 December 2011
Academic Editor: Cheppail Ramachandran
Copyright © 2012 Wei-Hsun Wang et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.
The antitumor eﬀects of curcumin, a natural biologically active compound extracted from rhizomes of Curcuma longa, have been
studied in many cancer cell types including human hepatocellular carcinoma (HCC). Here, we investigated the eﬀects of Ca2+ on
curcumin-induced apoptosis in human HCC J5 cells. The abrogation of mitochondrial membrane potential (ΔΨm), the increase
of reactive oxygen species (ROS) production, and calcium release were demonstrated with ﬂow cytometry as early as 15 minutes
after curcumin treatment. In addition, an increase level of cytochrome c in the cytoplasm which led to DNA fragmentation was
o b s e r v e d .T ov e r i f yt h er o l eo fC a 2+ in curcumin-induced apoptosis, 1,2-bis(o-aminophenoxy)ethane-N,N,N
 ,N
 -tetraacetic acid
(BAPTA), an intracellular calcium chelator, was applied. Cell viability was increased, but ΔΨm, ROS production, activation of
caspase 3, and cell death were decreased in J5 cells pretreated with BAPTA for 2h followed by the treatment of 25μM curcumin.
These results suggest that the curcumin-induced apoptosis in human HCC J5 cells is via mitochondria-dependent pathway and is
closely related to the level of intracellular accumulation of calcium.
1.Introduction
Human HCC treated with chemotherapy often turned out
with poor prognosis [1, 2]. Curcumin, one of phytochemical
compounds, has been shown with chemopreventive and
chemotherapeutic properties against tumors in animal mod-
els and clinical trials [3–5]. Curcumin induces the apoptosis
of tumor cells through mitochondria-dependant pathways,
including the release of cytochrome c, changes in electron
transport, and loss of mitochondrial transmembrane poten-
tial [6]. Curcumin can stimulate intracellular Ca2+ uptake
into the mitochondria [7], resulting in the stimulation of
oxidative phosphorylation, transmission, and ampliﬁcation
of the apoptotic signal via the suppression of mitochondria
membrane potential and the release of cytochrome c [8].
Apoptosis induced by curcumin in human HepG2 cells has
been shown through mitochondrial hyperpolarization and
DNA damage [9]. Mitochondria are the moderator of intra-
cellular Ca2+ dynamicsandtransportthroughacomplexsys-
tem consisting of two modes of inﬂux and eﬄux [7]. Oxi-
dative phosphorylation can be stimulated by the accumu-
lation of Ca2+ in the mitochondrial matrix, then transmit
and amplify the apoptotic signal [8]. Apoptosis induced by
curcumin also has been reported through the prevention of
intracellular Ca2+ depletion and the release of cytochrome c
in mouse melanoma cells [10]. We hypothesize that curcu-
min-induced Ca2+ release will result in mitochondrial Ca2+
overuptake to aﬀect mitochondria membrane potential sta-
bility. To prove this, we choose BAPTA, an intracellular Ca2+
chelator,astheinhibitorformitochondrialCa2+ uptake[11].2 Evidence-Based Complementary and Alternative Medicine
However, previous study indicates that curcumin-induced
apoptosis is through ER stress dependent pathway, that is,
GADD153 transcription activation [12]. In this study, we de-
monstrated that curcumin-induced apoptosis in human
HCC J5 cells is via Ca2+-regulated mitochondria-dependent
pathway.
2.MaterialsandMethods
2.1. Cell Culture. The HCC J5 cell line was obtained from
the Cell Culture Center of the National Taiwan University
(Taipei, Taiwan). Cells were cultured with DMEM supple-
mented with 2mM L-glutamine, 1.5g/L sodium bicarbon-
ate, 10% fetal bovine serum, and 2% penicillin-streptomycin
(10,000U/mLpenicillinand10mg/mLstreptomycinina5%
CO2 humidiﬁed incubator).
2.2. Morphological Study and Cell Viability. The J5 cells were
cultured in 12-well plates at a density of 2 × 105 cells/
wellfor24h,thentreatedwithvariousconcentrationsofcur-
cumin (0, 10, 15, 20, 25, and 50μM in 0.1% DMSO) for dif-
ferent time periods. Trypan blue exclusion was used to the
cell viability as previously described [13]. In short, approx-
imately 10μL of cell suspensions in PBS were mixed with
40μL of trypan blue. The numbers of stained (dead cells)
andunstainedcells(livecells)werecountedunderalightmi-
croscope. At least, 5000 cells were counted. The cell viabi-
lity is calculated using the following formula:
Cell viability =
unstained cells
unstained cells + stained cells
×100%. (1)
2.3. Comet Assay. 2 × 105 J5 cells/well were grown in 12-well
platesandtreatedwithcurcuminat0,25,and50μMfor24h,
then examined for DNA damage using Comet assay. Cells
were harvested and mixed with low melting point agarose.
The mixture was then placed in the solid normal melting
point agarose on the slide covered with coverslip. The cover-
slipwasremovedaftertheagarosewasgelledat4◦C.Theslide
wastransferredtothelysisbuﬀerat4◦Cfor1hbeforeputting
in alkaline buﬀer for electrophoresis (25V, 300mA). The
slide was washed with neutralized buﬀer and stained with
PI after electrophoresis [13].
2.4. DNA Fragmentation. 1 × 106 J5 cells/well were grown in
6-well plates and treated with 25μM curcumin for 12, 24, 36,
and 48h. The fragmented DNA was extracted using a cell
genomic DNA puriﬁcation kit (Genemark). The DNA extra-
ctedproceduresfollowedtheprotocolsprovidedbytheman-
ufacture. The DNA fragmentation was assayed with 1.5%
agarose gel electrophoresis.
2.5. Caspase-3 Activity Assay. 2 × 105 J5 cells/well were cul-
tured in 12-well plates and treated with 25μMc u r c u m i n
for various time periods. Cells were harvested in a 15-mL
centrifuge tube by centrifugation. 50μLo f1 0μMP h i P h i l u x
solution, a substrate for caspase-3, was added to each well
and incubated at 37◦C for 1h. Cells were then washed once
with 1mL of ice-cold PBS and resuspended in fresh 1mL
PBS.Caspase-3activitywasanalyzedbyﬂowcytometry(Bec-
ton-Dickinson, CA, USA) equipped with an argon ion
laser at 488nm wavelength [13]. In addition, J5 cells were
pretreated with 10μM 1,2-bis(o-aminophenoxy)ethane-
N,N,N ,N -tetraacetic acid (BAPTA), a calcium chelator, for
2h, then were assayed for caspase-3 activity as described in
the above.
2.6. Detection of Reactive Oxygen Species (ROS). 2 × 105 J5
cells/well in 12-well plates were incubated with 25μMc u r -
cumin for diﬀerent time periods to detect the changes of
ROS. Cells were harvested and washed twice, resuspended
in 500μLo f1 0μM 2,7-dichlorodihydroﬂuorescein diacetate
(DCFH-DA), and incubated at 37◦C for 30min, then an-
alyzed by ﬂow cytometry [13].
2.7. Detection of Mitochondrial Membrane Potential (ΔΨm).
2 × 105 J5 cells/well in 12-well plates were incubated with
25μMc u r c u m i nf o rd i ﬀerent time course to determine the
changes in ΔΨm. Cells were harvested and washed twice, re-
suspended in 500μLo f4μMD i O C 6, and incubated at 37◦C
for 30min, then analyzed by ﬂow cytometry [13].
2.8. Cell Viability, ROS Production, ΔΨm Levels in J5 cells Pre-
Treated with BAPTA. 2 × 105 J5 cells/well in 12-well plates
were pre-treated with 100μM BAPTA for 2h, then treated
with 25μM curcumin for 24h. Cells were harvested and
washedtwice,halfofcellswereanalyzedforcellviabilitywith
PI staining, the rest was resuspended in 4μMD i O C 6 and
10μM DCFH-DA before incubated at 37◦C for 30min, then
analyzed by ﬂow cytometry.
2.9. Determination of Ca2+ Concentration. 2 × 105 J5
cells/well in 12-well plates were incubated with 25μMc u r -
cuminforvarioustimeintervalstodeterminetheCa2+ levels.
Cells were harvested and washed twice, resuspended in
3μg/mL Indo 1/AM, incubated at 37◦C for 30min, and
analyzed by ﬂow cytometry.
2.10. Western Blotting. 2 × 105 J5 cells/well in 12-well
plates were treated with 25μM curcumin for 0, 6, 12, 24,
and 48h. The level of cytochrome c in the cytosol was
isolated according to the manufacturer’s protocol (A cyto-
sol/nuclear extraction kit purchased from Chemicon Inter-
national, Temecula, CA, USA). The total proteins of cells
wereextractedwithcelllysisbuﬀer(50mMTris-HCLpH8.0,
120mM NaCl, 0.5% NP-40, 1mM PMSF), and 40μgo fp r o -
tein extract was separated by 10% SDS-PAGE, then trans-
ferred to a polyvinylidene diﬂuoride (PVDF) membrane
(Bio-Rad), blocked with 5% nonfat milk in TBSTween buﬀer
(0.12M Tris-base, 1.5M NaCl, 0.1% Tween20) for 1 hour at
room temperature, and incubated with the appropriate anti-
body overnight at 4◦C, then incubated with horseradish per-
oxidase conjugated secondary antibody for 30min at room
temperature. The bound antibody was detected with pero-
xidase-conjugated anti-rabbit antibody (1:10000) or anti-
mouse antibody (1:10000) followed by chemiluminescenceEvidence-Based Complementary and Alternative Medicine 3
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Figure 1: The cell survival of J5 cells after curcumin treatment. J5
cells were treated with 25μM curcumin for 0, 12, 24, and 48h and
photographed with phase-contrast microscope (a) or with various
doses of curcumin for 24h, and cell viability was determined by
trypan blue exclusion assay (b). Each data point is the mean ± SE
of three experiments. ∗∗P<0.01 stands for signiﬁcant diﬀerence as
compared with that of the control.
(ECL System) and exposed by autoradiography. The follow-
ing primary antibodies except cytochrome c (1:500) (Onco-
gene Research Products): β-actin (1:10000), Bcl-2 (1:1000),
Bcl-xl (1:1000), Fas (1:1000), caspase-8 (1:1000), caspase-
12 (1:1000), and catalase (1:1000) were purchased from
Upstate, Millipore.
2.11. Statistics. Student’s t-test was used to evaluate the
signiﬁcance or P values between groups (∗P<0.05, ∗∗P<
0.01). Standard errors of mean values were depicted as error
bars in all ﬁgures.
3. Results
3.1. Morphological Study and Cell Viability. The morphology
of J5 cells induced by curcumin was remained unchanged,
but the apoptotic bodies could be observed (Figure 1(a)),
and increased with times. Figure 1(b) shows the viability of
J5 cells are decreased with the increase of curcumin con-
centration (10–50μM).
3.2. Ca2+ Production, Mitochondria Membrane Potential
(ΔΨm), and Production of Reactive Oxygen Species (ROS)
Aﬀected by Curcumin in J5 Cells. Figure 2(a) showed that
Ca2+ production was signiﬁcantly enhanced from 15min up
to 720min by 25μM curcumin treatment, while the mito-
chondria membrane potential (ΔΨm) was signiﬁcantly de-
creased (Figure 2(b)) as compared with that of the control.
Reactive oxygen species (ROS) was also signiﬁcantly in-
creased and reached the highest levels at 15–60min after
25μM curcumin treatment (Figure 2(c)).
3.3. The Release of Cytochrome c and Apoptotic-Associated
Proteins Aﬀected by Curcumin in J5 Cells. To characterize the
molecular mechanisms of curcumin-induced apoptosis in J5
cells, the expressions of apoptotic-associated proteins were
examined with Western blotting. Figure 3(a) showed that
cytochrome c was released from the mitochondria to the
cytosol in J5 cells treated with 25μMc u r c u m i nf o rd i ﬀerent
time periods (6–48h). On the other hand, the protein levels
ofBcl-2,Bcl-xL,andFasweredecreased.Bothcaspase-12and
catalase were increased after curcumin treatment for 6 and
12h, but decreased for 24 and 36h, then increased again for
48h. Procaspase-8 were not aﬀected by curcumin treatment.
3.4. DNA Damage and Fragmentation Caused by Curcumin in
J5 Cells. DAPI staining was used to detect the DNA damage
inJ5cellstreatedwithcurcumin.Figure 4(a)showedthatthe
nuclei of control cells were round and smaller as compared
with the condensed and larger nuclei of cells exposed to 25
and 50μM curcumin for 24h. The DNA damage induced by
curcuminwasinadose-dependentmanner.TheCometassay
also showed the similar results. The 50μMc u r c u m i nt r e a t -
ment showed a longer DNA migration smear (Figure 4(b)),
indicating that more DNA was damaged in the cells. DNA
fragmentations were found in J5 cells after12, 24, 36, and
48h of continuous exposure to 25μM curcumin as shown
in Figure 4(c). The induction of DNA fragmentation by cur-
cumin was in a time-dependent manner.
3.5.EﬀectsofCalciumChelatorBAPTAonCellViability,ΔΨm,
R O SP r od u cti o n ,a n dC a s pa se - 3A cti vi tyI n d u ce db yC u r c u m i n
in J5 Cells. J5 cells were pretreated with 100μMB A P T A
for 2h, followed by incubation with 25μMc u r c u m i nf o r
diﬀerent time periods. Cell viability, ΔΨm,R O S ,a n dc a s -
pase-3 activity were analyzed by ﬂow cytometry. Figure 5(a)
showed that BAPTA could rescue the cell death from cur-
cumin treatment. The recovery of mitochondria membrane
potential ΔΨm and the inhibition of ROS by BAPTA were
showninFigures5(b)and5(c),respectively.Inaddition,cas-
pase-3activityincreasedby25μMcurcuminwasinhibitedby
BAPTA.4 Evidence-Based Complementary and Alternative Medicine
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Figure 2: Flow cytometric analysis of Ca2+ concentration, mitochondrial membrane potential (ΔΨm), and reactive oxygen species (ROS) in
J5 cells treated with curcumin. 5 × 105 J5 cells/well in 12-well plates were incubated with 25μM curcumin for diﬀerent time periods. (a) The
release of Ca2+ as a function of time. (b) Mitochondrial membrane potential (ΔΨm) assay. (c) Changes of ROS production as a function of
time. Each data point is the mean ± SE of three experiments. ∗P<0.05 and ∗∗P<0.01 are signiﬁcantly diﬀerent from that of the control.
4. Discussion
We have demonstrated that DNA damage and endoplasmic
reticulum (ER) stress-mediated curcumin-induced cell cycle
arrest and apoptosis are through the activation of cas-
pases, and mitochondria-dependent pathways in A549 cells
[13]; here we further show the similar ﬁnding in hu-
man hepatocellular carcinoma J5 cells. Mitochondrial dys-
function associated with apoptosis is characterized with
the loss of mitochondrial membrane potential (ΔΨm), per-
meability transition, and the release of cytochrome c from
the mitochondria into the cytosol [14]. We also show that
curcumin induces apoptosis in human HCC J5 cells via
mitochondrial-dependent pathway with the suppression of
both mitochondria membrane potential (ΔΨm) and the in-
duction of cytochrome c release; nevertheless, the ROS
production is induced and the Ca2+ in cytoplasm is accum-
ulated. Other than mitochondrial dysfunction, the mecha-
nisms responsible for curcumin-induced apoptosis in diﬀer-
ent cancer cell types may also involve the activation of cas-
pases, and the inhibition of antiapoptotic Bcl-2 family pro-
teins [15–17]. We also found that curcumin decreased the
protein levels of Bcl-2 and Bcl-xL in this study. Dr¨ oge et al.
reported that high levels of ROS induce DNA damage, and
result in the cell death [18]. Our result indicates that ROS
production in J5 cells with the highest levels at 15–60min
after 25μM curcumin treatment. Both superoxide dismutase
(SOD) and catalase of ROS scavenger reduced ROS produc-
tion [19]. We also found that curcumin increased protein
levelsofcatalaseaftercurcumintreatmentfor6and12hinJ5
cells. ΔΨm depletion, cytochrome c release, ROS production,
and DNA damage caused by curcumin all have contributionEvidence-Based Complementary and Alternative Medicine 5
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Figure 3: Western blot demonstrates the changes on the levels of
proteins in J5 cells after treated with curcumin. J5 cells were treated
with25μM curcumin for diﬀerent time periods before the cytosolic
fraction and total protein were extracted from the cells. (a) The
cytochrome C was increased with times. (b) Bcl-2, Bcl-xL, Fas,
caspase-8, caspase-12, and catalase were assayed. β-actin was used
as an internal control.
onthecelldeath.However,neitheroftheaforementionedre-
sults, in which multiple related mechanisms of curcumin-in-
duced apoptosis was revealed, indicate the key molecule with
potential to steer the pharmacologic eﬀect of curcumin.
Intracellular-free calcium ([Ca2+]i) is a universal signal-
ing molecule regulating many cellular functions including
apoptosis. In addition, Ca2+-dependent processes are closely
related with the mainstream apoptosis executioners, that is,
caspases [20]. It is also shown to activate and modulate the
execution of a nonapoptotic cell death in C. elegans [21].
Both the overload and the depletion of endoplasmic retic-
ulum Ca2+ pool result in the induction of ER stress, and fur-
ther initiate the apoptotic pathway via activation of pro-
caspase-12, which is transferred to the ER membrane during
ERstressinresponsetothemobilizationofintracellularCa2+
stores[20,22].Onceactivated,caspase-12actsontheeﬀector
caspases to induce apoptosis [23]. We also found the highest
protein level of caspase-12 at 48h after curcumin treatment
in this study. Furthermore, the disruption of mitochondrial
membrane potential and the disturbance of intracellular free
Control 25 μM 50 μM
(a)
Control 25 μM 50 μM
(b)
M 0 12 24 36 48
(h)
(c)
Figure 4: DNA damage and DNA fragmentation were induced
by curcumin in J5 cells. Cells were incubated with 0, 25, and
50μM curcumin for 24h, and DNA damage was examined by (a)
DAPI staining, (b) comet assay, and photographed by ﬂuorescence
microscope. (c) J5 cells were treated with 25μMc u r c u m i nf o r0 ,
12, 24, 36, and 48h, and DNA fragmentation was determined with
DNA gel electrophoresis.
Ca2+ concentration were also found to be aﬀected by cur-
cumin [24].
In order to elucidate the mechanism that how Ca2+ was
involved in the curcumin-induced cell death, human HCC
J5 cells were pretreated with BAPTA, a calcium chelator,
followed by the curcumin treatment. The result showed that
BAPTA could reverse curcumin-induced cell death, despite
the fact that ER stress is able to activate apoptosis [25].
Although the previous study of curcumin-induced apoptosis
in HCC J5 cells displays increased ER stress hallmark
GADD153 [12], our ﬁnding implicates the major signiﬁ-
cance of Ca2+-dependent mechanism in curcumin-induced
apoptosis. A similar result has been suggested by Bae et al.
in human leukemia cell line as well [7]. Notably, BAPTA also6 Evidence-Based Complementary and Alternative Medicine
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Figure 5: Eﬀects of pretreated BAPTA (Ca2+ chelator) for 2h followed by the treatment of 25μM curcumin in J5 cells on cell viability, ΔΨm,
and ROS production. (a) cell viability, (b) ΔΨm, (c) ROS production, and (d) caspase-3 activity. Each data represents mean ± SE of three
experiments. (∗P<0.05, ∗∗P<0.01).
inhibited the depletion of mitochondria membrane poten-
tial, ROS production, and capase-3 activation in human
HCC J5 cells. In conclusion, our results suggest that the
apoptosis induced by curcumin in human HCC J5 cells is
through mitochondria-dependent pathway, in which Ca2+
release plays an important role.
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